We have measured the temperature dependence of the microwave surface impedance Z s ϭR s ϩi 0 of two c-axis oriented MgB 2 films employing dielectric resonator techniques. The temperature dependence of the magnetic-field penetration depth determined by a sapphire dielectric resonator at 17.9 GHz can be well fitted from 5 K close to T c by the standard BCS integral expression assuming the reduced energy gap ⌬(0)/kT c to be as low as 1.13 and 1.03 for the two samples. For the penetration depth at zero temperatures, values of 102 and 107 nm were determined from the fit. Our results clearly indicate the s-wave character of the order parameter. A similar fit of the penetration depth data was obtained with an anisotropic s-wave BCS model. Within this model we had to assume a prolate order parameter, having a large gap value in the c-axis direction and a small gap within the ab plane. This is in contrast to recent fits of the anisotropic s-wave model to upper critical-field data, where an oblate order parameter had to be used, and raises interesting questions about the nature of the superconducting state in MgB 2 . A rutile dielectric resonator was employed to obtain the temperature dependence of R s with high accuracy. Below about T c /2, R s (T)ϪR s (5 K) exhibits an exponential temperature dependence with a reduced energy gap consistent with that determined from the penetration depth data. The R s value at 4.2 K was found to be as low as 19 ⍀ at 7.2 GHz, which is comparable with a high-temperature superconducting copper oxide thin film. The question about the energy gap in a particular superconducting material is of fundamental importance for the understanding of the relevant pairing mechanism and for the determination of its application potential. In the case of MgB 2 this question is raised with particular emphasis.
The question about the energy gap in a particular superconducting material is of fundamental importance for the understanding of the relevant pairing mechanism and for the determination of its application potential. In the case of MgB 2 this question is raised with particular emphasis. 1 According to initial findings, MgB 2 seemed to comprise a relatively high transition temperature ͑around 40 K͒ with superconducting properties resembling those of conventional superconductors rather than those of high-temperature superconducting ͑HTS͒ cuprates. [2] [3] [4] Recent experiments have brought some clarifications about the gap features of MgB 2 . According to tunneling spectroscopy, 5, 6 point-contact spectroscopy, 7, 8 photoemission, 9 Raman scattering, 10 specific heat, 11, 12 and optical conductivity spectra, 13 there is evidence for an s-wave symmetry of order parameters with two energy gaps, which are much lower and larger than the BCS weakcoupling value (⌬/kT c ϭ1.76). The isotropic two-gap model or the anisotropic one-gap model are proposed to explain these observations. 14 -18 On a qualitative level, they have similar properties, and therefore more experimental efforts are required to distinguish between these two theories.
On the other hand, the results for the temperature dependence of the penetration depth (T) are quite controversial. Quadratic, linear, and exponential dependences were reported in the literature. [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] Quadratic and linear dependence might be an indication for unconventional superconductivity, similar to HTS cuprates. [29] [30] [31] [32] [33] However, the observation of an exponential dependence would be a clear indication for a nodeless gap, i.e., for an order parameter comprising s-wave symmetry. Hence, a very high measurement accuracy for temperature changes of at TӶT c for high-quality samples is required to distinguish between a power-law and an exponential temperature dependence.
Microwave surface impedance measurements have proved to be the most sensitive tool to determine the temperature dependence of of both thin-film [29] [30] [31] and bulk single-crystal samples. 32 In particular, they have been employed successfully to attain significant information about the symmetry of the order parameter in the high-temperature superconducting cuprates. 33 Therefore, microwave resonator techniques are most appropriate to be used for high-precision (T) measurements on high-quality MgB 2 samples.
Apart from the penetration depth, the microwave surface resistance R s is an important figure of merit for microwave applications. According to the BCS theory, the expected exp(Ϫ⌬/kT) dependence of R s below T c /2 might result in low R s values at temperatures attainable with low-power cryocoolers.
MgB 2 thin films were fabricated using a two-step method by pulsed laser deposition. The detailed process is described in Refs. 34 and 35. The films deposited on a plane parallel ͓1102͔-oriented sapphire substrate of 10ϫ10 mm 2 in size exhibit a sharp resistive and inductive transition at transition temperatures up to 39 K ͑onset temperature of resistive transition͒. The film thickness was 400 nm for both samples. X-ray diffraction analysis indicates a high degree of c-axis orientation perpendicular to the substrate surface and no detectable amount of MgO or any other crystalline impurity phases.
The microwave surface impedance was determined using a sapphire dielectric resonator technique described elsewhere. 36 The cavity with part of one end plate replaced by the thin-film sample was excited in the TE 01␦ mode under weak-coupling conditions. The unloaded quality factor Q 0 and resonant frequency was recorded as a function of temperature. The real part of the effective surface impedance, the effective surface resistance R s eff , was determined according to
with G being a geometrical factor determined by a numerical simulation of the electromagnetic field distribution in the cavity and Q Nb (4.2 K)ϭ108 440, representing the unloaded quality factor measured by employing a high-quality Nb thin film as the sample. The notation ''effective'' indicates an enhancement of R s and due to the film thickness d being of the order of . 37 For temperatures below 30 K, Eq. ͑1͒ allows for the determination of R s eff with a systematic error of about 0.1 m⍀, which is due to neglecting the temperaturedependent background losses of the cavity and the small microwave losses (R s Ϸ10 Ϫ5 ⍀) of the Nb film. The temperature dependence of the effective penetration depth was determined from the temperature dependence of the resonant frequency f (T), using
with 0 ϭ1.256ϫ10 Ϫ6 V s/A m. There is a systematic error due to frequency changes caused by thermal expansion, the temperature dependence of the skin depth of the cavity wall material ͑copper͒, and the temperature dependence of the dielectric constant of sapphire. To account for these effects, we recorded the temperature dependence of the resonant frequency employing a copper sample. From this measurement we found that the systematic error is less than 1 nm for T р15 K and less than 2.5 nm for Tр25 K, which is at least one order of magnitude lower than the observed temperature changes of for our MgB 2 samples. Therefore, Eq. ͑2͒ was applied without correction for our investigation.
In general, microwave resonator measurements do not allow for the determination of absolute values of because the resonator dimensions are only known with a precision of several ten's of micrometers. However, absolute values of can be extracted by comparing the measured temperature dependence with existing models. Of course, it is worth investigating how to measure the absolute penetration depth of superconducting thin film. 38 Two samples ͑S0716 and S1030͒ were measured and a similar temperature dependence of Z s was observed. 39 This is in the reasonably local regime. In this case (T) based on the standard BCS model can be represented as follows: 37 As a result, the fits of Eq. ͑3͒ to the ␦ eff (T) data ͑full lines in Fig. 2͒ yield ⌬(0)/kT c ϭ1.13, T c ϭ39 K ͓⌬(0)ϭ3.8 meV͔, and (0)ϭ102 nm for sample S0716; ⌬(0)/kT c ϭ1.03, T c ϭ36 K ͓⌬(0)ϭ3.2 meV͔, and (0) ϭ107 nm for sample S1030. According to Fig. 2 , there is a very good agreement between experimental data and the fit curves over the entire temperature range. The down-turn of the experimental data very close to T c can be explained by impedance transformations resulting from the finite film thickness. 37 The nearly linear dependence below T c /2 in this representation clearly indicates the s-wave nature of the order parameter, i.e., a finite-energy gap in all directions of the Fermi surface without nodes. In contrast, a doublelogarithmic plot of the same data indicates that a power law does not fit the data at low temperatures. For comparison, the same analysis was performed for a NbN thin film, which is a well-known s-wave superconductor with a relatively high T c of 15.8 K. 41 The fit parameters are ⌬(0)/kT c ϭ2.3 and (0)ϭ225 nm, respectively, which is similar to literature data. 42 The ⌬(0)/kT c values obtained for the MgB 2 samples are comparable with the value of 3.5Ϯ0.5 meV determined by scanning tunneling microscopy. 5 The (0) values are also in the range of corresponding values determined by other techniques. 19, 23, 43, 44 In contrast to tunneling experiments, which are very sensitive to a possible modification of the surface, microwave surface impedance measurements probe almost the entire volume of a thin-film sample with thickness of the order of . Therefore, surface degradation can be ruled out as a possible reason for the small values of ⌬/kT c . In fact, some tunneling data exhibit ⌬/kT c values even lower than ours, indicating that surface degradation effects may play some role there. 3 The low ⌬(0)/kT c ͑Ͻ1.76, BCS weak-coupling limit͒ is difficult to understand within a standard BCS-type s-wave theory, but can be explained by an isotropic two-gap or anisotropic one-gap model. 14 -18 Then, the small gap represents the smallest component of a double or a strongly anisotropic gap. In this case, the temperature dependence of at T ӶT c would be determined by its minimum values, because (T) probes the thermal excitations with the lowest activation energy. However, the existence of a second large gap should have a significant impact on (T) at higher temperatures. Figure 3 shows the temperature dependence of 2 (0)/ 2 (T), which represents the normalized superfluid density. As expected from Fig. 2 , a very good agreement with a single-gap BCS theory is achieved for both samples. Similar to the MgB 2 samples, the NbN film also exhibits a very good agreement over the entire temperature range. The latter indicates that the effects of strong coupling on (T) can still be modeled by the BCS integral expression just by assuming ⌬/kT c to be larger than the BCS value of 1.76. 45 For comparison, the power-law dependence ͓(0)/(T)͔ 2 ϭ1Ϫ(T/T c ) n with nϭ2 ͑''quadratic''͒ and n ϭ4 ͑''two-fluid model''͒ is also depicted in Fig. 3 . Above about T c /2, nϭ4 represents a fairly good approximation for the case of strong coupling, as observed for NbN. However, there is a clear discrepancy between the experimental data and quadratic dependence, ruling out the possibility of unconventional superconductivity in MgB 2 .
Obviously, our data do not show any indication of a second larger energy gap. Before discussing the reason, it should be noted that the penetration depth studied here is in fact the penetration depth in the ab plane ( ab ) due to the samples being c-axis oriented thin films. In the two-gap or multigap scenarios, the superconductivity mainly comes from the boron ͑B͒ orbital in the ab plane. The E 2g phonons, which involve in-plane displacements, couple strongly to the B p xy electronic bands and yield strong electron-phonon interactions.
14,15 Two isotropic energy gaps are predicted in the clean limit. 16 One is associated with a two-dimensional ͑2D͒ bonding band having a larger energy gap than the BCS value, i.e., ⌬(0)/kT c Ͼ1.76. The other is associated with 3D bonding and antibonding bands having a smaller energy gap less than the BCS value, i.e., ⌬(0)/kT c Ͻ1.76. The two bands have some coupling to give a single T c . Hence, the small ⌬(0)/kT c observed in our measurement would correspond to the small energy gap in the two-gap model, and the superfluid density should be affected by the large energy gap in the high-temperature region. Another alternative explanation suggests an anisotropic s-wave order parameter due to its anisotropic crystal structure. 17 An ellipsoidal energy-gap function is assumed with a minor axis within the ab plane and a major axis along the c direction. This model predicts that ab is mainly determined by the small energy gap, which is consistent with our measurement.
In Fig. 4 we show the calculations of the ab-plane superfluid density ͑solid lines͒ within the anisotropic one-gap has been used. The angle is the polar angle with respect to the c axis, ϭ0 corresponding to the c-axis direction and ϭ/2 corresponding to the ab-plane direction. The parameter a (0ϽaϽ1) determines the anisotropy ratio ␥ ϭ⌬ max /⌬ min ϭ1/ͱ1Ϫa. We emphasize that this parameter is our only fitting parameter. The temperature dependence of the gap and the gap ratios ⌬ max (Tϭ0)/kT c and ⌬ min (T ϭ0)/kT c are determined from a self-consistent solution of the anisotropic weak-coupling gap equation. ͑For more details, see Refs. 17 and 18͒. The best fit to sample S0716 is obtained for ␥ϭ3.53, yielding a maximum gap ⌬ max (T ϭ0)/kT c ϭ3.85 and a minimum gap ⌬ min (Tϭ0)/kT c ϭ1.09. For sample S1030, we find ␥ϭ4.61 with ⌬ max (0)/kT c ϭ4. 49 and ⌬ min (0)/kT c ϭ0.97. These anisotropy ratios are somewhat bigger than single-crystal measurements ␥ϭ2.5, 7 but are roughly in line with an analysis of specific-heat data. 46 Therefore, we can conclude that our results are consistent with an anisotropic one-gap model, possessing a small gap in the ab-plane direction.
Within this anisotropic s-wave model we can also calculate the c-axis superfluid density. For comparison, this quantity is shown in Fig. 4 for the same parameters ͑dashed line for sample S0716 and dotted line for sample S1030͒. We cannot measure the c-axis penetration depth with our current experimental setup. Such a measurement would give a valuable comparison with the prediction of the anisotropic onegap model and is left for a future study.
The anisotropy of the penetration depth is related to the anisotropy of the lower critical field H c1 via the relation 47 In experimental studies of H c1 on MgB 2 it has been observed that H c1 is somewhat bigger in the ab-plane direction than in the c-axis direction. 48, 49 This is consistent with our findings here. 50 However, the upper critical field H c2 is also bigger in the ab-plane direction than in the c-axis direction. 48, 49, 51 This appears to be inconsistent with the H c1 anisotropy within the anisotropic GinzburgLandau theory from which one should have expected H c1 c /H c1 ab ϭH c2 ab /H c2 c . 47 In Ref. 18 it has been shown that this H c2 anisotropy can be understood within the anisotropic s-wave model, if the maximum gap is assumed to lie within the ab plane and the small gap in the c-axis direction ͑oblate form of the gap anisotropy͒, in contrast to what we need to fit our data here. Thus, it appears that high-magnetic-field data are governed by a different anisotropy of the gap than lowfield data. This puzzling discrepancy is reinforced by our experimental findings and can be neither understood within the isotropic two-band nor within the anisotropic one-gap model in the present form. A possible solution to this problem could be a strong field dependence of the anisotropy of the gap or possibly a fully anisotropic two-gap model. 51 But this remains speculation at this point and more experimental as well as theoretical investigations are necessary to clarify this problem.
We want to mention here that our data have been fitted also within the two-gap model recently by Golubov et al. 52 In these fits a very small value of the penetration depth of 39.2 nm had to be assumed, which is much smaller than the values of the order of 100 nm we determined here. Golubov et al. also showed that within their two-gap model, the c-axis superfluid density is expected to be smaller than the ab-plane superfluid density, in contrast to the prediction of our prolate model here. Besides this being inconsistent with the aforementioned H c1 data, this difference in the c-axis response could be used for an experimental test between these two models. Thus, a measurement of the temperature dependence of the c-axis penetration depth would be highly desirable.
As mentioned above, the measurement accuracy of R s at low temperature is limited by the resolution of our setup. Sapphire has a low dielectric constant ͑ϳ10͒ and leads to a large leakage field outside the dielectric resonator. This field induces currents on the walls of the copper cavity, leading to a strong limitation of the Q value due to the loss contribution of copper. In order to achieve a higher resolution, the sapphire puck was replaced by a rutile dielectric puck of similar dimensions. 53 Rutile has a high dielectric constant ͑ϳ100 in ab plane͒ resulting in a lower frequency of 7.18 GHz for the TE 01␦ mode. Due to the high dielectric constant of rutile, the electromagnetic field is well confined inside the puck. Consequently, the ratio of losses in the superconducting film and in the copper shield is increased by a factor of 10. From Eq. ͑1͒ we know that a distinguishable difference of Q values for Nb and MgB 2 thin films is the key to get accurate R s . In our measurement, Q values at 4.2 K for Nb and sample S1030 are 1.29ϫ10 6 and 1.20ϫ10 6 , respectively, which yields an R s of 19.4 ⍀. Frequency scaling according to an assumed square law results in R s ϭ37.6 ⍀ at 10 GHz, which is comparable to high-quality yttrium-barium-copper-oxide ͑YBCO͒ thin film. This value is also in accordance with data obtained by another group. 54 However, it should be noted that the rutile resonator is not suitable for penetration depth measurement due to a large temperature coefficient of the dielectric constant of rutile. Figure 5 shows the temperature dependence of R s eff ϪR s eff (5 K) for sample S1030. The linear behavior at low temperature implies an s-wave symmetry of the order parameter. The full line corresponds to an exp(Ϫ⌬/kT) behavior with a ⌬/kT c value as determined from the penetration depth data. The inset of Fig. 5 shows the temperature dependence of R s eff below 20 K. In addition, the normal-state resistivity can also be derived from R s eff . As T approaches T c , the penetration depth goes to infinity. So, the skin depth from normal-state electrons dominates the high-frequency shielding. Using R s eff ϭ127 m⍀ from Fig. 5 3 , and the free-electron mass, we find l Ϸ5 nm, which is about as big as the coherence length. 43 We conclude that our films are neither in the dirty limit nor in the fully clean limit, but in the intermediate clean limit.
In conclusion, our experimental finding represents clear evidence for the existence of a finite gap with ⌬(0)/kT c values around 1.1. The temperature dependence of can be well fitted by the BCS theory in the entire temperature range below T c , together with ͑0͒ of about 100 nm. This measurement is consistent with an anisotropic one-gap model, together with an ellipsoidal energy gap function having a minimum within the ab plane and a maximum along the c axis. Our data can also be fitted within a two-gap model; however a much smaller penetration depth has to be assumed. In order to distinguish between these two theoretical models, measurements of the c-axis penetration depth or the c-axis microwave response would be desirable. We also pointed out a puzzling discrepancy between the gap anisotropy as extracted from high-magnetic-field data on one hand and low-magnetic-field data, as our penetration depth data, on the other hand. The low R s value ͑19.4 ⍀ at 4.2 K, 170 ⍀ at 20 K and 7.18 GHz͒ obtained for one sample implies that MgB 2 is a promising material for microwave applications.
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